The frictional and thermal contributions to Sz 212 ( p ) , the dominant wave type in the progressive solar semidiurnal pressure wave, are evaluated from upper air observations a t nine rawinsonde stations. The theoretical basis for the investigation follows from the approximation of friction as a potential force in the tidal equations. The model parameters and boundary conditions are those adopted by Siebert. Surface friction is evaluated semi-empirically, by the use of a friction model which is essentially an adaptation] to the semidiurnal motions, of the Ekman theory of the boundary layer. The assumption of a constant coefficient of the vertical transfer of momentum leads to uncertainties in the magnitude of the frictional contribution to the wave.
I. INTRODUCTION
The classical theory of the atmospheric tides explains the prominent semidiurnal oscillation in surface pressure as t,he result of strong resonance amplification of very small oscillations due to surface heating and to the gravitational tidal force of the sun. In recent years, a number of investigators have abandoned the resonance theory as untenable in the light of rocketsonde measurements of the thermal structure of the upper stratosphere and lower mesosphere. Haurwitz [lo] , in a survey of present knowledge about the tides, has summarized the reasons for the current viewpoint. The evidence currently points to relatively small magnification of the equilibrium tides (of the order of X3 or X 4 instead of XlOO), and to direct absorption of solar radiation by water vapor [13] and ozone [13] , [l] as the main cause of the pressure wave. Thus, temperature changes involving essentially the total mass of the atmosphere, in contrast to a relatively thin boundary layer affected by eddy con--duction of heat from the earth's surface, are believed to account for the large amplitude and nearly constant phase of the solar semidiurnal tide.
On the basis of the distribution of water vapor, Siebert [13] (all future references to Siebert are to 1131) calculated the temperature oscillation in the troposphere resulting from insolat.ion. His estimate of its amplitude and phase [3.11 X10-2C.o, 0300 (1500)] yielded a surface pressure oscillation of amplitude 0.36 mb. and phase 0900 (2100). The amplitude and phase of the observed oscillation are quoted by Siebert as 1.19 mb., 0948 (2148). He estimated that an additional 0.10 mb. or more might be accounted for by temperature changes in the oeonosphere (See also [l], [5] .) but concluded that eddy transfer of heat from the surface is negligible, in comparison with direct absorption of energy, as a tide-producing force. Siebert attributed to surface friction the phase retardation of the observed over the theoretically derived tide, pointing out that the lunar tidal phase lags the theoret-
428

MONTHLY WEATHER REVIEW
Vol. 94 , No. 7 ical phase (known exactly in this case). by 36 min. However, because he had accounted for little more than a third of the amplitude of the observed variation, Siebert concluded that a completely satisfactory explanation of the semidiurnal wave does not yet exist, perhaps because the empirical data used for determining the thermal action are not sufficiently reliable. Butler and Small [l] and Green [5] have suggest,ed that ozone heating accounts for the unexplained component of the tide.
Since the publication of Siebert' s results, we have obtained additional empirical data in the form of the diurnal and semidiurnal variations of temperature, wind, and height of isobaric surfaces a t nine rawinsonde stations in the Northern Hemisphere. Analysis of the semidiurnal results, to determine whether they are consistent with current views on the origin of the tide, suggested itself as an interesting possibility. I n particular, we were interested in accounting for the phase retardation of the observed over the theoretical pressure oscillation, which Siebert explained as the result of surface friction. Using the observations for four of the lower-latitude stations shown in table 3, Appendix B, Harris [7] showed that surface friction advances rather than retards the phase of the semidiurnal wind in the friction layer, as compared with the phase of the wind due to pressure forces, and speculated that friction might act to advance rather than retard the pressure wave. This inference, as the present study shows, proved to be wrong.
The data also presented an opportunity to reexamine, in the light of actual observations, the magnitude of the thermal contribution to the atmospheric tide. An element of uncertainty is introduced into this phase of the investigation by a well-recognized diurnal bias in the observed temperatures, caused by radiation effects on the radiosonde sensor. Since the semidiurnal component of this systematic error is not known, its effect on the computations is difficult to estimate. The error is probably small or non-existent in the lowest two or three kilometers of the atmosphere. Here, the temperature variation apparently caused by eddy transfer of heat from the earth's surface turned out to be unexpectedly large, sufficient to account for the unexplained component of the thermal tide.
The study also gives a quantitative, though admittedly uncertain, value to the retarding effect of surface friction on the pressure oscillation. Thus, eddy transfer of heat and momentum, combined with the direct absorption of energy by water vapor and ozone as computed by Siebert, appears to explain the pressure oscillation. The three processes appear to be of approximately equal importance.
The purpose of this article is to document the results summmarized above. Section 2 describes the theoretical approach. Since the inclusion of frictional terms in the equations of motion involves no departure from the basic theory, details of the derivation are consigned to Appendix A. Section 3 describes the analysis of the upper-air data and the computation of the diabatic temperature variation, and Appendix B presents the analyzed data. I n section 4, and Appendix C, the theoretical basis for the computation of frictional forces is described. The frictional model is essentially an extension, to the semidiurnal motions, of the Ekman theory of the boundary layer. Sections 5 and 6 describe the numerical computations and attempt to evaluate the results.
THEORETICAL APPROACH
The approach follows closely that of Siebert, which has evolved from the work of many investigators from Laplace onward. The theory assumes that the tidal changes may be regarded as small perturbations superimposed on an otherwise undisturbed atmosphere. The undisturbed atmosphere is described by the static pressure, the density, and the temperature, and these are assumed to vary with height z but not with colatitude e and longitude 9. The usual assumptions of perturbation theory lead to a set of linearized equations : the equations of motion and state, the hydrostatic equation, the equation of continuity, and the first law of thermodynamics. Since the variations are periodic, the perturbation quantities are set proportional to exp [id], u = 2 4 , where w is the angular velocity of the earth, and 2f is the frequency of the oscillation. To these usual assumptions we add another: namely, that the vertical flux of momentum can be considered a potential force, so that 429 formation of variables, lead to the solutions given by equations (53) to (58). For a lower boundary condition, Siebert makes the usual assumption that the vertical component of the velocity vanishes at the earth's surface. As an upper boundary condition, he requires that the kinetic energy per column of unit cross-section be finite, equation (60). The specification of a model atmosphere described by the distribution of the scale height H , together with these boundary conditions, leads eventually to equations for the components of motion, the pressure, and the temperature, in terms of the forcing functions: gravitational potential, diabatic temperature variation expressed as a potential, and friction approximated a s a potential force.
Since the pressure variation a t the ground is the best observed data associated with the atmospheric tides, this is the quantity ordinarily used to test theoretical models. Equation (74), the basis for numerical calculations in section 4, is reproduced here :
ID this equation, S;,(p) is the surface pressure variation associated with the dominant wave type in the semidiurnal migrating wave. M is a "magnification factor," a function of the model atmosphere and the equivaleyt depth. The first term in the brackets represents the equilibrium value of the gravitational tide a t the earth's surface. The gravitational tide has been explained by Siebert, so it will not be considered in this study. The second term in the brackets is the component of the surface stress directed along the parallels, and the final term is the integral of the diabatic temperature variation in the layer of interest, weighted by the appropriate factor depending on the distribution of H and on h,. The variable x represents a modified height coordinate and is a function of the scale height.
For details leading to the derivation of equation (2)' above, the reader is referred to Appendix A. 
DATA
The computation of the semidiurnal variations in pressure, temperature, and wind above the surface is limited to those rawinsonde stations which took four observations daily, prior to and after the change in the scheduled time of observations in mid-1957. This change effectively increased the number of observations in the combined series from four to eight. The method of combining the data, applied earlier to stratospheric observations by Johnson [12] and its justification were described by Harris [6] . Table 3 in Appendix B presents the results of the diurnal and semidiurnal computations for the nine stations, together with the probable errors calculated according to the method outlined by Chapman [2] . The stations were selected to give as wide a latitudinal distribution of the semidiurnal changes as possible, but unfortunately the available observations are concentrated at middle latitudes. Examination of the probable errors reveals that the determinations, particularly those of the temperature variation, being based on only two years' data, are far from satisfactory. Nevertheless, they undoubtedly do give a gross indication of the semidiurnal changes and some evidence of their geographical distribution. The wind components in the tabulated data follow the convention used in meteorology, that k, the phase angles apply to eastward and poleward (rather than equatorward) components of the wind. The phase angles have been corrected to allow for the estimated actual release time, which differs from the scheduled time of observation, and for the ascent time of the balloon.
The semidiurnal variation S, includes not only a westward moving, progressive wave but also a standing wave, sometimes called the polar wibration, which has been studied extensively by Haurwitz [ll], [9] . The standing wave L $ is proportionately large (compared with Sg) a t high latitudes. Since our theoretical results apply only to f$,2, it would be desirable to separate the various wave types for the purpose of our study. Unfortunately, the observation points are far too few to render any such attempt successful. We shall therefore rely for verification of the theory mainly on the stations between 30' and 40' latitude; and of these, on the four of the five stations which give fairly homogeneous results. The data for Fort Worth appear to be anomalous in a number of respects. Of the four stations we shall examine closely, two (Bermuda and the Azores) are ocean stations and two (Valparaiso and Osan) are coastal stations, and for these the data appear to be relatively homogeneous.
In addition to the large random errors in the data, the temperature and hence the height variations probably contain a bias resulting from radiation effects on the radiosonde temperature sensor. This error is believed to be most pronounced in the stratosphere, where there is evidence that it is rather large in the case of the 24-hr. component [8] , [4] . An estimate of the error has been obtained by treating the diurnal and semidiurnal changes as the result of simple progressive waves, neglecting friction, and using the observed winds to compute estimates of the pressure variation. The amplitudes and phases of the diurnal and semidiurnal height changes found in this way are presented in table 4, Appendix B. The computed semidiurnal height variations are rather irregular, and therefore the semidiurnal error in the temperature cannot be estimated with much confidence. However, in interpreting the results of this investigation, it is assumed that the computations involving the temperature contain an error, of undetermined magnitude, resulting from this systematic radiation effect.
In order to determine the surface pressure variation from the observational data, we need to compute the 
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FRICTION IN THE SEMIDIURNAL TIDE
On the assumption that the contribution of the pressure gradient force to the semidiurnal wind does not vary with height, Harris [7] showed that a solution for the frictional components of the wind is v,=Ae-bz sin (2wtSa-bz) (4) u,=-Be-bz cos (2ot+a-hz).
(5)
For a more complete derivation of the friction model, outlined here, the reader is referred to Appendix C. The coefficient of the eddy exchange of momentum K, is assumed to be invariant with time and height. The earlier solution required the amplitudes of the components of the pressure-related wind, Up and V p to be equal. Further examination has shown that this condition may be replaced by one less restrictive (Appendix C). We The two sides of equation (10) (8) and (9) . The equations are therefore not applicable to the unusual conditions during a low-level jet situation, and the actual depth of the boundary layer could be an order of magnitude smaller.
The depth h is not strictly the total depth of the layer of frictional influence, but the height above the lower boundary a t which the frictional component of the wind becomes parallel to the wind induced by pressure forces. Ideally, one should be able to use the observed winds in table 3 to estimate the depth, as well as the angle D. In figure 6 , the phase angles of 2, and u for the five lowlatitude stations are plotted as functions of height. When friction is absent, according to the model of the progressive semidiurnal wave, the phase angle of v should be equal to the phase angle of the height variation (table 3, Appendix B) plus 180". The phase angle of -u, the poleward component of the wind, should be equal to the phase angle of the height variation minus 90'. However, the phase angles in figure 6 , together with the tabulated height variations, show that this condition is never quite met, even in the upper troposphere. Three possible explanations for this disagreement in phase can be suggested: (1) friction is eBective throughout the troposphere; (2) the pressures are in error as a result of the radiation error of the instrument; and (3) the basic model assumption, that the phase of Si is constant with colatitude, may be wrong. Of these possibilities, the last two seem most likely, the second becoming important, however, only above a height of several kilometers.
Since there is no means of verifying or correcting for either of these possible errors, h cannot be determined with any certitude. One approach to determining h would servm to be t o choose the height at which the variation of wind with height becomes constant. Another approach, and the one implicit in the model of the semidiurnal motions in the friction layer, is to choose the level at which the wind components attain the phase, indicated by the vertical lines in figure 6 , appropriate to the surface pressure variation-which in the model is assumed to be independent of height. Both of these approaches yield a value of h of about 6 km. The value of D appears to be about 30". When h and D have these values, and are independent of colatitude, the components of the surface stress are indicated by the curves in figure 4 , the appropriate scale being at the right. We shall accept these curves as the best approximation to the surface stress that we can obtain from the observational data. The values are much smaller than those derived as residual quantities in the equations of motion. However, a still troubling feature is that a depth of 6 km. is much greater than that normally assumed as the depth of the planetary boundary layer. The result can perhaps be explained by the simplifying assumptions in the friction model, notably the neglect of the variations of K, with time and height.
Although the indicated values of the surface stress might be realistic, the implied depth of the friction layer could be a fictitious result of these restrictions. Additional observations on the behavior of the daily variation of the wind in the friction layer, and further analyses along the lines suggested by Estoque [31 should result in more reliable estimates of the semidiurnal component of the surface stress.
NUMERICAL RESULTS
To compute the surface pressure variation St,,(p) resulting from the variation of the surface stress, 6~+ ( 0 ) in equation (8) Since, a t Keflavik and Thule, friction according to the model would make a negligible contribution to the pressure wave, only the thermal contribution is tabulated. The standing wave is of considerable importance at these stations; hence the difference between the observed and computed pressure variations is not readily interpreted.
At the remaining stations, however, there is a suggestion of a correlation between the error in the computed variation and the thermal contribution. This correlation suggests that the computed thermal contribution is too large. It seems reasonable to explain the large magnitude of the temperature variation, and its early phase, as the combined effect of random errors in the data and the temperature bias in the observations. The lat.ter could be expected to produce a fictitious contribution directed approximately toward 0600, or 270'.
DISCUSSION OF RESULTS
An interpretation of the results of the study is necessarily uncertain. A basis for evaluation appears to be the assumption that the model itself is fundamentally realistic. Siebert's model gave excellent results when he applied it to the lunar tide, in which the forcing function is known exactly. His introduction of the thermal forcing function into the equations is straightforward.
In Consideration of all the possible sources of error suggests that this computation, showing the effect of eddy heat transfer on the pressure oscillation, is probably the most accurate of the indications given by our analysis of the observations. Next in order of accuracy, we believe, is the contribution of friction, based on the friction model and on the indications of the wind observations. The latter, at least, contain no known systematic error. Insofar as the phase of the frictional contribution is concerned, there is little ambiguity, since the surface stress should be in the direction of the surface wind. However, the magnitude of the frictional component is subject to the uncertainties we have discussed, arising primarily from the assumption of constant K,.
Least reliable is the computation based on the temperature variation in the total layer, surface to 25 mb., with its high probability of appreciable random and systematic errors.
The results of the study, viewed in this light, are summarized in the harmonic dial of figure 8 . The vector OP represents the observed pressure oscillation, about 1.2 mb. a t the equator, after the gravitational tide according to Siebert's computation has been removed. The'vectors based on the average thermal and frictional effects at the four stations were increased by the factor l/sin30 in order to make them comparable with OP. The phase and amplitude resulting from integration of the observed temperature variation throughout the layer for which data were available. Vector OE is the thermal contribution from eddy heat transfer alone. At the end of vector OE, we have added a vector EA, which Siebert concluded to be the thermal contribution resulting from the absorption of energy by water vapor and ozone.
As an aid in evaluating the results, lines x and y marking the theoretical limits of the phase of the frictional component are drawn on the diagram. These limits are determined by the permissible phases of the surface stress which, according to the friction model (equation (loo), Appendix C ) , can vary up to a maximum of one and onehalf hours before the time of the pressure-dependent wind. Dashed curves, labeled in km. indicate the depth of the friction layer corresponding to the phase and amplitude of the frictional component of the pressure variation. These curves approach the line x, asymptotically, at point P. If we take the computation represented by OT a t face value, and assume that friction must account for the difference between OT and OP, the friction layer must be assumed to extend high into the stratosphere-subject of course to the uncertainties of the friction model. This consideration, combined with the known bias in the observed temperatures, suggests that OT should not be reThis study has attempted to determine, on the basis of theory and observations, the thermal and frictional contributions to the progressive part of the semidiurnal pressure wave. Friction was introduced into the equations of motion as a potential force, and the tidal equations were re-derived with the additional terms. The model atmosphere and boundary conditions adopted by Siebert served as a basis for numerical computations using the observational results from nine rawinsonde stations.
The upper-air data, extending from the surface to about 25 km., were analyzed to obtain the semidiurnal variations of pressure, temperature, and wind. The evaluation of the frictional forcing term is based on an extension, t o the semidiurnal motions, of the Ekman theory of the boundary layer, assuming the coefficient of eddy exchange of momentum to be constant. The observed winds and their variation with height indicate the values of the parameters, depth of friction layer, and angle of surface flow, necessary to compute the surface stress. An empirical estimate of the mean semidiurnal wind components offers a first approximation t o the distribution of friction with colatitude, and suggests that the assump tion of friction as a potential force is valid for the semidiurnal tide. The conclusions are tentative, since there are a number of possible sources of error in the numerical results: some too-restrictive assumptions in the model, and systematic as well as random errors in the observational data. The grobable existence of a bias in the observed temperatures, large in the stratosphere and perhaps extending downward into the troposphere, makes the results of the thermal computation doubtful. The temperature errors are believed to be small or negligible in the lower troposphere. Here, the diabatic temperature variation is closely described by a logarithmic spiral and is assumed to be controlled by eddy transfer of heat from the surface. This computation appears to be the most reliable of the several made, and indicates that eddy transfer of heat is a significant tide-producing force.
The computation of the frictional component of the wave must be regarded as approximate only, for a large value of the depth of the planetary boundary layer must be assumed. This depth, however, may be a fictitious result of the simplifications inherent in the friction model. There is thus a good possibility that the frictional contribution to the tide has not been overestimated. for this view comes from the fact that the contributions to the wave from eddy transfer of he@ and momentum, added t o that derived by Siebert as the effect .of direct absorption of heat by svate? vapor and ozone, nearly explain the observed pressure oscillation. However, the results must be considered tentative, particularly in view of the known variations of K,,, with height and time.
The results, though preliminary, suggest that the necessity for a larger contribution to the tide by ozone heating is open to question. Further observational studies of the semidiurnal variation of surface stress, and of the semidiurnal temperature variation in the turbulent boundary layer, appear to offer promising avenues for refining our knowledge of the physical processes resulting in the tidal oscillation.
APPENDIX A
where I n the theory of atmospheric tides, the earth is assumed to be a sphere of radius a and to rotate with uniform angular velocity w . The change of acceleration of gravity g with colatitude and height is neglected. Vertical accelerations and horizontal advective terms in the equations can also be neglected in view of the large horizontal scale of the oscillations. The tidal variations are thus regarded as small perturbations superimposed on an undisturbed atmosphere in which the static pressure pol density po, and temperature To depend on height 2 If SQ=O, the only temperature variation is that caused by adiabatic changes of state and is defined by Siebert as a secondary temperature variation. A primary (diabatic) temperature variation, produced by influences outside the atmosphere, may be described by
Using ( The same transformation can be applied to equations (48) and (49), after elimination of po by means of (13), and to equations (34), (35), and (39). Then the coefficients of the series expansions are given by the following equations:
With the usual boundary condition that the vertical component of the velocity vanish a t the earth's surface, equation (56) 
becomes
For a second boundary condition, Siebert makes the reasonable assumption that the kinetic energy per column of unit cross-section must be finite
(60)
Then when po is eliminated by means of (12) 1) to (3.3) and (3.7) to (3.51) , respectively, the only differences arising from the inclusion of the frictional terms in our development. Application of the theory requires the use of a model atmosphere, determined by the vertical distribution of the scale height, and the appropriate numerical values of the equivalent depth h,. As the model atmosphere which most closely resembles the real atmosphere yet leads to elementary solutions, Siebert assumes The determination of the equivalent depth h, appropriate to each wave type by solution of equation (46) Since Siebert's derivation of the thermal tide is thoroughly covered in his survey, we shall simply quote his results here for the contribution to the surface pressure oscillation of the diabatic temperature variation 6Td in the layer bounded by x1 and x2:
H ( x ) =AHe-""+H( a)
(Po (0) 6pn(0) = -To(o) ~ M n C 6 G n (~)~, ( x ) e -" / ' d x (72) with
~,(z)=e-~*Zl~, h , 2 4 K~( a ) .
(73)
Thus the total contribution to the surface pressure variation for this wave type is given by
APPENDIX B
The observed diurnal and semidiurnal variations of temperature, wind, and height of isobaric surfaces are tabulated in ( A ) , phase (a), and probable error (e) ofthe observed diurnal (Parts A-1 through A-9) and semidiurnal (Parts B-1 -----.
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---- Km, is assumed independent of height, and the undisturbed (78) atmosphere is considered to be a t rest, the equations of motion for the tidal perturbations become zu-tzo k= (z,+zo) In 7 when the tidal potential is neglected. Here, K , is the mean value of the exchange coefficient, which is known to have a pronounced time variation. Although the equations as written above are consistent with perturbation theory, in which the products of time-variable quantities are neglected, and with the assumption that the undisturbed atmosphere is a t rest, they probably represent a t best a rather crude approximation to reality. Thus the model to be described can yield only a rough estimate of the surface stress components.
At the lower boundary of the friction layer, the wind shear is assumed to be parallel to the wind itself; hence
(77)
where zO is the roughness parameter. We shall assume that z, is the height of the anemometer level and in the following computations the height will be counted above this level so that zn=O. A t some upper level, marking the top of the friction layer, the eddy friction terms are assumed to be negligibly small. Since equations (75) and (76) are linear, solutions for u and v may be represented as a sum of solutions u= up+ u, 
